In this article we present a bibliometric study of 1.9 million computer science papers published from 1945 to 2014 and indexed in Web of Science. We analyze both the quantity and the impact of these publications according to document types, languages, disciplines, countries, institutions, and publication sources. The most frequent author keywords, cited references, and cited papers as well as the distribution of the number of references and citations per paper and of the age of cited references are also explored. Since conference proceedings play a tremendous role in this scientific field, we investigate the time and place of computer science conferences in terms of the most prolific months and locations. And, last but not least, the production of journal articles and conference papers over the whole time period and the level of collaboration in different computer science disciplines are inspected. One of the main results is the finding that "Artificial Intelligence" is the most productive subfield of computer science, but "Interdisciplinary Applications" has the highest relative impact.
Introduction
Computer science is a well-established, dynamic, and still relatively new research field that made its major breakthrough only some fifty years ago. Nowadays, it is a highly interdisciplinary scientific domain having significant overlaps with mathematics, physics, and even biology. Surprisingly, there have not been a large number of bibliometric studies measuring the published research outputs of computer science. Some of them have focused on individual countries or groups of countries: China [1] , Malaysia [2] , India [3] , Brazil [4] , India and China [5] , Eastern Europe [6] , BRIC and a few other countries [7] , or China, India, Japan, and three major Western nations [8] . The research performance of global universities in computer science has been explored too [9] . Other investigations have been more concerned with the role of computer science conferences and their lower impact compared to journals [10] [11] [12] [13] while some research has also been devoted to the study of the citedness of computer science journals [14, 15] . Some works have been very specific and have inspected the evolution of the number of authors [16] or of the age of cited references [17] in computer science publications. However, unlike this article, none of the above analyses has dealt with the whole field of computer science covering a 70-year-long period of time. As far as bibliometric analyses themselves are concerned, they have been regularly conducted in the past in a wide variety of areas, including a recent one published in this journal [18] .
The present study would like to extend and complement the existing analyses mentioned above in investigating almost two million computer science papers from the period 1945-2014 that are indexed Table 1 shows the distribution of document types in our data collection as defined by Web of Science. In total, there are six distinct document types with the most frequent ones being "Proceedings Paper" (over 56%), "Article" (almost 35%), and "Article; Proceedings Paper" (nearly 9%). The other document types have negligible shares, with the exception of "Review" (0.4%), which can be considered as a special sort of journal articles. (There were also other document types, not shown in Table 1 , which were mistakenly included in the core data set. Their number was 1399, i.e., less than 1‰ of all records.) The type "Article; Proceedings Paper" is somewhat particular too, representing conference papers reprinted (often in an extended version) as journal articles, which is currently on a decline as we will see later on. However, journal articles account for more than 75% of all 11.8 million citations received by the 1.9 million documents under study. The other two document types (conference papers and reprinted conference papers) only accrue almost 11% of all citations each. This big difference in impact is even more dramatic in terms of citations per paper (CPP), which is 13.4 for journal articles, 7.7 for conference papers reprinted in journals, and merely 1.2 for conference papers. Figure 1 displays the evolution of the number of the journal articles and conference proceedings papers (which first appeared in 1989) published in the individual years of the period 1945-2014. (Documents of the type "Article; Proceedings Paper" were counted as both.) There is almost a steady rise for both journal articles and conference papers until 2005 and 2007, respectively, with the peak figures being 46,332 journal articles and 100,071 proceedings papers. However, the peaks are followed by a sharp decline in both cases, which culminated with just 28,604 journal articles in 2007 and 59,384 proceedings papers in 2011. The low number of conference papers in 2014 cannot be taken into account yet because the indexation of conference proceedings may take up to a few years in Web of Science. In any case, what was the cause of the decrease between 2007 and 2011? After inspecting the data, we may conclude that the main cause is a change in the indexation policy of Web of Science: from 2007 onward the papers published in the two well-known book series Lecture Notes in Computer Science and Lecture Notes in Artificial Intelligence were no more indexed as "Article; Proceedings Paper" but rather as "Proceedings Paper". This caused the sudden drop of journal articles in 2007, which has since been overcome by the natural growth with 45,226 articles in 2014. However, the reason for the small number of proceedings papers in 2010-2011 is less clear. It simply appears that many conferences indexed before 2010 were not covered in those years. Either they were deliberately not indexed by Web of Science in that period, which seems to be less likely given the coverage before and after this time range, or the conferences did not take place at all, for instance due to some delayed consequences of the world economic crisis in [2008] [2009] . A further analysis would be needed to explore this aspect in detail. 
Languages Used
The situation is quite clear as far as the usage of languages is concerned. It is well known that Web of Science is almost exclusively focused on sources published in English and this is documented in Table 2 where both the share of papers and the share of citations of papers written in English reach above 99%. In fact, the impact of English papers in terms of citations per paper (6.2) is about three times higher than that of French (2.1) or German (1.9) papers and roughly six times as big as the impact of Russian publications (1.0). The influence of research published in other languages is infinitesimal, with most notably the impact of Chinese literature (with the second largest number of papers) being merely 0.1 CPP. 
Research Areas of Computer Science

Papers and Citations in Different Subfields
Computer science in Web of Science is categorized into seven non-exclusive thematic groups whose shares in the total amount of papers and citations are shown in Table 3 . "Artificial Intelligence" is the most prolific topic with nearly 32% of papers and 28% of citations. (Note that the percentage shares will not add up to 100% due to the overlaps of categories.) The second and the third most abundant categories are "Theory & Methods" and "Information Systems" with more than half a million papers each. Compared to their size, the influence of these disciplines seems to be smaller, though, with 30.3% of papers and 23.4% of citations for the former and 26.6% and 20.4% for the latter. The most influential field in terms of CPP, however, is "Interdisciplinary Applications" with eight citations per paper whereas the average of the other categories is 5.3. This confirms once again that interdisciplinary research is usually rewarded with a higher impact. 
Authors per Paper in Different Subfields
Furthermore, the most frequent number of authors in the articles under investigation was 2 (around 30% in all computer science categories), followed by 3 and 1, except for "Artificial Intelligence" where 4 was yet more frequent than 1 (see Figure 2 ). The largest share span exists for solo publications (with one author only): from 12.4% in "Artificial Intelligence" to 22.9% in "Software Engineering", which can thus be proclaimed the most individual computer science discipline. This is corroborated by the mean number of authors per paper which varied from 2.67 in "Software Engineering" to 2.94 in "Hardware & Architecture". The percentage of papers authored by 10 or more researchers was found to be minuscule in all fields of computer science. solo publications (with one author only): from 12.4% in "Artificial Intelligence" to 22.9% in "Software Engineering", which can thus be proclaimed the most individual computer science discipline. This is corroborated by the mean number of authors per paper which varied from 2.67 in "Software Engineering" to 2.94 in "Hardware & Architecture". The percentage of papers authored by 10 or more researchers was found to be minuscule in all fields of computer science. 
Production and Impact of Countries, Institutions, and Publication Sources
Countries
The country of origin of computer science, the USA, is by far the primary source of computing publications with 24.8% of all papers, followed by China (13.7%), the United Kingdom (5.7%), Japan (5.4%), and Germany (5.2%) as shown in Table 4 . However, the impact of U.S. computer science research is even more outstanding with 46% of all citations referencing papers from that country. No other nation exceeds 10% of citations, with the second best United Kingdom (UK) reaching 8.4%. (England, Scotland, Wales, and Northern Ireland are merged into the UK for the purpose of this study.) In terms of relative impact (CPP), the UK is actually quite close to the USA with 9.1 vs. 11.4 CPP while the three large Far-Eastern nations are clearly underperforming: China, Japan, and South Korea have 2.6, 3.9, and 3.6 citations per paper, respectively. A similarly low impact can be seen for the isolated "giants" India and Brazil (both 3.5). In contrast, two "dwarfs" have a higher relative citation impact than the USA (Israel with 13.1 and Switzerland with 11.8) and one country (Netherlands) is relatively more influential than the UK with 9.8 citations per paper. 
Production and Impact of Countries, Institutions and Publication Sources
Countries
Institutions
At the level of institutions (see Table 5 ), "Chinese Acad Sci" is the leading body in terms of the number of papers produced, closely followed by "Univ Illinois", "IBM Corp", "Carnegie Mellon Univ", and "MIT" with at least 0.6% of papers each. The Massachussetts Institutte of Technology (MIT) has, at the same time, the largest proportion of citations received (2.5%). This means that on average every 40th citation to a computer science publication refers to a paper co-authored by MIT researchers. MIT is also the institution with the second highest relative citation impact of 27.3 citations per paper, after the University of California Berkeley (29.7) and before Stanford University (25.1). Not surprisingly, Chinese universities display the least impact, both absolute and relative, from the top 20 institutions: "Zhejiang Univ" and "Shanghai Jiao Tong Univ" have both a 0.2% share in citations and 3.0 and 3.4 CPP, respectively. As far as the publication sources are concerned (see Table 6 ), the most papers appeared in the well-known book series Lecture Notes in Computer Science with about 0.6% of all papers published, followed by the respected journals 
Computer Science Conferences
Time
Having mentioned the role of proceedings papers in computer science, in Figure 3 we can see how the individual months of the year were attractive for conferences to be held. The red line represent the number of conferences taking place in a specific month and the blue bars stand for the number of papers published at those conferences. (If a conference spans over two months, both are counted in.) It is clearly visible in the chart that the conference "high season" starts in May and ends in October, with November and particularly December being also strong months. The weakest month is February with 673 conferences at which 31,613 papers were presented, compared to the most productive September with 3110 conferences and about 176,020 papers. The average number of papers per conference thus changes from 47.0 in February (the all-month low) to 56.6 in September. However, the largest conferences were held in December with an average of 78.2 papers per conference. The percentage shares of papers published at conferences in various months range from 2.4% in February to 13.4% in May (see Figure 4) . Altogether, two thirds of computer science conference papers were presented in the high season from May to October. 2.4% in February to 13.4% in May (see Figure 4) . Altogether, two thirds of computer science conference papers were presented in the high season from May to October. 
Location
As far as the location of computer science conferences is concerned, Figure 5 shows the top 20 most popular destinations in terms of the number of conferences taking place there and the number of papers presented at them. Beijing, Orlando, Shanghai, San Diego, and Singapore are the most 2.4% in February to 13.4% in May (see Figure 4) . Altogether, two thirds of computer science conference papers were presented in the high season from May to October. 
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As far as the location of computer science conferences is concerned, Figure 5 shows the top 20 most popular destinations in terms of the number of conferences taking place there and the number of papers presented at them. Beijing, Orlando, Shanghai, San Diego, and Singapore are the most sought-after places for conference organizers and participants. Beijing alone hosted 312 conferences with 36,284 papers, but the most conferences (370) were held in Orlando, albeit with fewer papers (29,633). In general, we can notice that Chinese conferences tend to be larger with more papers per conference (Beijing 116.3 
Author Keywords
To get a clue how the topics of computer science papers evolved over the whole period 1945-2004, Table 7 shows the 20 most frequent author keywords associated with the papers in the whole period and in several subperiods. There were very few keywords for papers published before 1990 so we decided to start our 5-year subintervals with the year 1995. The most frequent keywords in the whole period under investigation were "simulation", "neural networks", "data mining", "optimization", and "genetic algorithm" which mostly all appeared in the subperiods, albeit not with the same frequency. Whereas "simulation", "optimization", and "neural networks" always were in the top 20 (although the last one with a seemingly declining popularity after 2005), "genetic algorithm" appeared there only after 1995 and "data mining" even only after 2000. Morever, some keywords were popular solely in a certain subperiod and not in the others (highlighted in bold intalics in Table 7 ): "expert systems", "parallel algorithms", "computational geometry", "theory", "computational complexity", and "analysis of algorithms" before 1995, "multimedia", "ATM", and "segmentation" in 1995-1999, "XML" and "Java" 
To get a clue how the topics of computer science papers evolved over the whole period 1945-2004, Table 7 shows the 20 most frequent author keywords associated with the papers in the whole period and in several subperiods. There were very few keywords for papers published before 1990 so we decided to start our 5-year subintervals with the year 1995. The most frequent keywords in the whole period under investigation were "simulation", "neural networks", "data mining", "optimization", and "genetic algorithm" which mostly all appeared in the subperiods, albeit not with the same frequency. Whereas "simulation", "optimization", and "neural networks" always were in the top 20 (although the last one with a seemingly declining popularity after 2005), "genetic algorithm" appeared there only after 1995 and "data mining" even only after 2000. Morever, some keywords were popular solely in a certain subperiod and not in the others (highlighted in bold intalics in Table 7 ): "expert systems", "parallel algorithms", "computational geometry", "theory", "computational complexity", and "analysis of algorithms" before 1995, "multimedia", "ATM", and "segmentation" in 1995-1999, "XML" and "Java" in 2000-2004, and "cloud computing", "component", and "particle swarm optimization" in 2010-2014. There were no unique keywords in the top 20 in [2005] [2006] [2007] [2008] [2009] , which may indicate a kind of "innovation break" in that time range. An important part of our investigation was an analysis of the more than 32 million cited references found in our data collection of over 1.9 million bibliographic records. The top 20 cited references sorted by their frequency (count) are shown in Table 8 . Where available, their DOI is also displayed along with them. For instance, the reference to Zadeh's 1965 Information Control paper appeared 9961 times, i.e., in about 0.5% of the papers in our data set. At the same time, this paper (or more precisely, its bibliographic record) is also part of our "core" data collection and, therefore, it is possible to determine its "Times Cited" (the number of citations in Web of Science terminology) figure, which is 20,069, approximately 0.2% of all citations to the papers in our data set. On the other hand, however, the second most frequently appearing reference is to a 1989 genetic algorithms book by Goldberg, which is not present in the data set under study, and its "Times Cited" information is thus unavailable. In addition to books, there are also references to journals outside of computer science such as Science or Proceedings of the IEEE whose citations cannot be retrieved from our data either. As to Zadeh himself, there is another quite frequently appearing reference to his 1975 Information Sciences paper with almost 3000 occurrences. An interesting question in the context of citations is whether there is a discrepancy between highly cited references and highly cited papers (in the core collection). To explore this, let us have a look at Table 9 with a list of top 20 papers by their citation counts. The most frequently cited paper is the 1965 Zadeh's article that we already know as the most highly cited reference. Thus, the top cited reference and the top cited paper are identical. However, in Table 9 there follow two Bioinformatics papers that do not appear as highly cited references in Table 8 . What does this mean? It simply tells us that these papers are more frequently cited from outside of computer science than from within. Their contributions are more appreciated in other scientific fields than in computing itself. In fact, there are more such papers in Table 9 : six Bioinformatics papers in total, two Journal of Computational Physics articles, one Computer Journal paper, one Journal of Molecular Graphics and Modelling paper, and others. All of these articles were thus apparently of high interest for the non-computing scientific community. 
Age of Cited References
The distribution of the age in years of the cited references is depicted in Figure 6 . The most frequent age of cited references is two years (6.0%), followed by three years (5.7%), one year (5.3%), and four years (5.1%). 1.5% of references were made to a paper published in the same year (of age 0), but still 6.4% of references cited publications of age 20 or older. For a more detailed analysis of the age of references in computer science, we refer the reader to a recent study [17] . The distribution of the age in years of the cited references is depicted in Figure 6 . The most frequent age of cited references is two years (6.0%), followed by three years (5.7%), one year (5.3%), and four years (5.1%). 1.5% of references were made to a paper published in the same year (of age 0), but still 6.4% of references cited publications of age 20 or older. For a more detailed analysis of the age of references in computer science, we refer the reader to a recent study [17] . 
Number of Citations and References per Paper
In Figure 7 we can see that the share of papers having five or more references is still over 80% while that of papers being cited five or more times is close to 20%. In fact, most papers (52.2%) remain uncited, which is a well-known fact in scientometrics. Less than one percent of papers are cited 100 or more times, but these papers receive about one third of overall citations. Seven papers (see Table  9 ) exceeded 10,000 citations. There were also papers with an extremely high number of references (with 11 of them having 1000 or more references), but generally one in three papers cited between 10 (including) and 20 (excluding) other publications. 
In Figure 7 we can see that the share of papers having five or more references is still over 80% while that of papers being cited five or more times is close to 20%. In fact, most papers (52.2%) remain uncited, which is a well-known fact in scientometrics. Less than one percent of papers are cited 100 or more times, but these papers receive about one third of overall citations. Seven papers (see Table 9 ) exceeded 10,000 citations. There were also papers with an extremely high number of references (with 11 of them having 1000 or more references), but generally one in three papers cited between 10 (including) and 20 (excluding) other publications. 
Conclusions
Computer science is one of the many research fields indexed in the Web of Science database by Thomson Reuters (now Clarivate Analytics). A distinctive feature of this discipline is its greater reliance on conference publications than it is the rule in other fields of science. However, conference proceedings papers are, to some extent, also indexed in Web of Science: namely in the Conference Proceedings Citation Index. Thus, it is possible to carry out bibliometric studies of computer science based on the data from Web of Science and this is precisely what we do in the present analysis. We investigated 1.9 million bibliographic records on computer science papers published from 1945 to 2014. We acquired the data in August 2015 and used them for the following main contributions:
•
We inspected the number of papers and citations according to document types, languages, computer science subfields, countries, institutions, and publication sources.
We explored the most frequent author keywords, cited references, and cited papers and the distribution of the number of references and citations per paper and of the age of cited references.
We investigated the time and place of computer science conferences in terms of the months of the year and locations where the most conferences took place and the most papers were published.
We analyzed the production of journal articles and conference papers over time and the collaborativeness in different computer science disciplines.
Some of the most interesting findings are as follows:
• The most productive computing subfield is "Artificial Intelligence" with almost 32% of all papers, but the biggest relative impact is associated with "Interdisciplinary Applications". The most collaborative discipline is "Hardware & Architecture" with an average of 2.94 authors per publication and the least collaborative is "Software Engineering" with 2.67 authors per paper.
The popularity of "neural networks" seems to be declining lately whereas "cloud computing" has been trending in the most recent period and "XML" and "Java", so fashionable at the beginning of the 2000s, have disappeared from the top 20 most frequent keywords since then.
• Two thirds of all conference proceedings papers were published at conferences taking place in the "high season" of the year from May to October with the most popular destinations being • Two thirds of all conference proceedings papers were published at conferences taking place in the "high season" of the year from May to October with the most popular destinations being Beijing, Orlando, Shanghai, and San Diego. Also, it turns out that Chinese conferences tend to be much larger (with a higher number of papers presented) than the North American or European ones.
A limitation of this study is the lack of author identifiers that prevents us from disambiguating author names properly. The presence of ResearcherID or OrcID in the bibliographic data was so scarce (only for several percent of authors) that we decided to discard any author-related analysis completely. If the problem with the missing author IDs is resolved in the future (as Web of Science is known to continually update its records), we would like to complement our study with the production and impact information about authors too. Another missing aspect in this study is the analysis of the collaboration of countries and institutions in computer science and thus production and impact indicators thereof. We believe that this should be a concern of some follow-up research.
